A new approach to the detection of the chemically important transient species, the hydroxyl radical (OH), is reported. This new approach, labeled two-photon laser-induced fluorescence (TP-LIF), has now been tested in the laboratory under atmospheric conditions. The method involves combining IR laser pumping (e.g., 1.4 or 2.8 ,um) with UV laser excitation (e.g., 345 or 351 nm). Theoretical predicted signal levels were found to agree very favorably with laboratory measured signal levels. Using laboratory data reported in this study, in conjunction with projected IR energy improvements, it appears that the TP-LIF OH method could be of great value both as a laboratory instrument for studying fundamental chemical processes and as an OH field detection system.
I. Introduction
The OH radical is recognized to be one of the pivotal species leading to the oxidation of reduced substances in a wide range of chemical systems. These include the atmosphere, living biological organisms, and combustion chambers. Of principal interest in this paper will be the role of OH in the atmosphere.
To date, there have been three methods used to detect OH under conditions relevant to the lower atmosphere. These are single-photon laser-induced fluorescence (Wang et al. 1 ' 2 and Davis et al. 3 -5 ); long-path UV laser absorption (Perner et al. 6 ); and the radiochemical 14 CO/CO 2 oxidation technique (Campbell et al. 7 ). Of these, the single-photon laser-induced fluorescence (SP-LIF) method may be further subdivided into three sampling approaches, namely, quasi-remote sampling, in situ sampling at ambient pressure, and in situ sampling with nozzle probes at reduced pressure. Suffice it to say, each method has its advantages and disadvantages. In the case of the single-photon LIF method, a major disadvantage is the technique's tendency to generate artificial OH signals. As discussed by Hanabusa et al., 8 is capable of reacting with atmospheric H 2 0 to produce OH radicals. This laser-produced OH can represent a significant correction to the total OH signal measured. In fact, depending on the laser energy density and the laser pulse width, the signal resulting from laser-generated OH can overwhelm the signal from natural atmospheric OH. Potential solutions to SP-LIF generated OH include the use of expanded laser beams (Wang et al. 2 ), the use of very short laser pulses (Davis et al., 9 ' 10 1 3 and Rodgers et al. 1 4 ), or the use of sampling manifolds that operate at reduced pressure (Hard et al. 15 
,16).
A second problem that has evolved in the application of the SP-LIF OH method is concerned with corrections that must be made in the data analysis for large and sometimes variable nonresonant fluorescence background signals. In some environments, it has been observed that the uncertainty in this background signal does not follow simple Poisson statistics (Wang et al. 17 and Rodgers et al. 14) . At least part of this background fluctuation appears to be related to inhomogeneities in the atmospheric levels of aerosols. The net effect of this type of noise source is that the signal/noise ratio in a given system may not increase with the simple square root of the integration time. Hence, a significant deterioration can occur in the calculated detection limit. In principle, the above problem could be solved if the switching time for tuning the laser on and off the OH resonance frequency were to be made short compared to the rate at which background fluorescence changes occur in the environment. It is known, for example, that at times as short as 1 msec, atmospheric motion is frozen and hence the background fluorescence should be the same on and off line. What is not yet known is whether this on/off cycling time is required to be as short as 1 msec. As of this writing, the magnitude of this background fluctuation problem is still under active investigation (Davis et al. 13 ).
To be discussed here is a new LIF OH system: sequential two-photon LIF (STP-LIF). This new system appears to have the potential for overcoming both the O 3 /H 2 O chemical interference problem as well as the difficulty cited above involving fluctuations in the nonresonant fluorescence background. In addition, it is projected to have greater sensitivity than the SP-LIF OH laser sensor and to have the ability to operate in harsh environmental conditions. We propose that these characteristics should make the TP-LIF system applicable to both uique laboratory as well as atmospheric field studies of OH.
General Description of Sequential Two-Photon LIF Technique
In the SP-LIF detection of a molecule, the optical transition originates from a highly populated ro-vibronic level in the ground electronic state. All fluorescence then occurs either near the optical pumping wavelength or shifted toward the red by the equivalent of one or more vibrational quanta. The fact that this red-shifted fluorescence is usually significantly displaced from the pumping wavelength permits the sampling of fluorescence while still strongly discriminating against both Rayleigh and Raman scatter. This is typically achieved using a combination of shortwavelength cutoff and bandpass filters. However, this filtering process cannot block nonresonant fluorescence which is spectrally aligned with the bandpass filter. The latter type noise tends to be (1) broadband in its spectral characteristics, and (2) red-shifted with respect to the pumping wavelength. Nonresonant fluorescent noise typically defines the dominant noise in the in situ SP-LIF sampling system both in a laboratory setting (at moderate pressures) and in atmospheric field conditions.
Recently Thus, the final fluorescence is blue-shifted relative to the lowest laser pumping wavelength. In this system, the nonresonant fluorescence background signal is reduced to negligible levels by using solar blind PMTs in conjunction with long-wavelength cutoff filters.
Davis et al. 1 9 have compared the relative merits of the SP-LIF and TP-LIF techniques in the detection of NO in identified atmospheric conditions and find that the TP-LIF noise level (normalized to the same 226-nm laser energy) is approximately 5 orders of magnitude lower than that from the SP-LIF system. Although the signal level for the TP-LIF system was also down by -100, they still find that the TP-LIF system is 10-30 times more sensitive for relatively clean atmospheric conditions. For harsh environmental conditions (e.g., those involving high aerosol loading), it is 100-200 times more sensitive. Figure 1 shows two pumping schemes that the authors believe are preferred to that discussed above. These schemes involve initial IR pumping from the v" = 0 level, resulting in the populating of either the v" = 1 or v" = 2 levels. Thus, using a UV laser tuned to a wavelength of either 345 or 351 nm, ground-state OH can be pumped to the A 2 2 state, populating the v' = 0 or v' = 1 level. In either case, blue-shifted fluorescence is produced at 310 nm, corresponding to the (0,O) 21 2fl transition.
We believe it is quite significant that the proposed TP-LIF pumping schemes potentially overcome both of the major problems identified earlier in the SP-LIF OH system. Regarding O 3 /H 2 O interference, the combination of a very low 03 cross section at 350 nm (down by 2 X 104) and an O(1D) quantum yield of <10-3 renders this problem inconsequential. Likewise, the previously cited fluctuating (non-Poisson) nonresonant fluorescence background problem would appear to be resolved. In the TP-LIF system, long-wavelength blocking filters can be used to reduce the nonresonant fluorescent signal to levels equal to or less than the natural OH signal for typical atmospheric levels of OH (see Fig. 2 ). If so, a 5-10% fluctuation in the background fluorescence signal becomes inconsequential in comparison with the natural OH fluorescence signal. Figure 1 shows detailed energy level diagrams for each of the proposed TP-LIF pumping schemes. In the first scheme, the IR transition occurs at -2.8,um with UV excitation taking place at a wavelength of -345 nm. In the second scheme, there is a substantial shift in the IR laser pump (e.g., 1.43 Am), but the UV pumping wavelength is still positioned close to that used in the first scheme, i.e., -351 nm.
Experimental Hardware
In both systems the necessary UV wavelength can be achieved using a YAG driven dye laser operating over a wavelength range of 690-710 nm. By doubling the dye laser fundamental, tunable UV is produced over the T P -L I F (2,0) SCHEME
0. To generate the IR wavelengths of 1.43 and 2.8 m, several approaches have been considered. The first of these involves the use of a parametric oscillator driven by either a high energy Nd:YAG or Nd:glass laser. In this case, it appears that for a narrow bandwidth system the highest energy that might be generated would be 0.5-2 mJ. A second possibility examined involves the use of an IR dye laser driven by the fundamental of either a Nd:YAG orNd:glass laser. As of this writing, published reports would suggest a wavelength limitation in this approach of 1.28 m when using a driver laser having a 10-nsec pulse width. However, unpublished reports suggest that very high IR energies (e.g., 200 mJ) may be achieved at wavelengths as far out as 1.35 m. 22 To reach the desired wavelength of 2.80 um, Raman shifting techniques would be required. In fact, this approach has been taken by the authors in this study to achieve an IR energy of 1.0 mJ at 1.43 gem. In the latter system, a dye laser fundamental at 650 nm is injected into an H 2 Raman cell. The second Stokes line at 1.43 m is then separated from other Raman wavelengths using a Pellin-Broca prism. (Efforts to achieve still higher energies at 1.4 ,um using a CD 4 Ramanshifted 1.1-Mm IR dye laser failed to produce measurable energy levels.) 23 A final possibility for achieving enhanced IR energies, in the 1. 4 -1.5-Mum range, might involve the use of.specially doped YAG or glass rods as simple amplifiers. In this system, the amplifier rod could be coupled with the aforementioned Ramanshifted IR dye laser. Energies in the range of 40-200 mJ/pulse could hypothetically result.
In Fig. 3 , a schematic diagram is shown of the hardware currently employed by the authors in their initial investigation of the TP-LIF OH system. The principal components are: (1) two Nd:YAG driven dye lasers; (2) one Raman shifter; (3) a fluorescence chamber with nm) to generate UV radiation at 351 nm. Synchronization of the IR and UV laser outputs is achieved using a delay trigger module which currently delays the firing of one YAG laser relative to the second by times ranging from 100 nsec up to -100 Msec. (A modified triggering unit now being built will decrease the lower limit on this time delay to 5 nsec.) Shorter time delays would minimize the vibrational, rotational, and spin relaxation of OH and thereby maximize the TP-LIF signal. In our current tests, which have used delay times of 100 nsec, we have observed significant relaxation.
A critical aspect of the TP-LIF detection system is the optical filter pack/PMT combination. In some systems, it has been possible to use solar blind PMTs to minimize long-wavelength noise. In the OH system, the need to sample at -310 nm precludes this possibility. In the current system high quantum efficiency Hamamatsu R331 tubes are employed. The use of this tube, however, necessarily requires very high optical density filters in the near UV (e.g., at the 351-nm pump line) as well as throughout the visible and near IR. We have employed organic solution filters, in conjunction with several solid state filters, to achieve optical densities >25 in the near UV and yet maintain >15% transmission at the sampling wavelength at 310 nm. In the visible and near IR, the optical blocking is closer to 6-8 optical density units. The net effect of this optical blocking scheme is readily seen in the low levels of noise observed. For example, when using -3 mJ/pulse of 351-nm laser radiation, the number of noise photons observed during a 15-min integration period (i.e., 9000 laser shots) was less than one photon when using high purity bottled air mixtures. Using laboratory air, containing high levels of organics and aerosols, resulted in one noise photon on the average for a 15-min integration period. By contrast, the SP-LIF OH system, for the same energy level but with the UV pumping wavelength shifted to 282 nm, produced -100,000 noise photons in 15 min from high purity bottled air. The higher noise level in the SP-LIF system reflects the inability of this system to discriminate against red-shifted nonresonant fluorescence background which is spectrally aligned with the red-shifted bandpass filter.
IV. Signal Calculations
As presented in previous publications, 2 4 1 8 the TP-LIF signal strength, DA 3 , can be conveniently expressed in terms of five efficiency terms, the sampled volume element, and the concentration of the species being detected. In the case of OH, the equation becomes
where DA 3 represents the number of detected signal photons per laser shot. The efficiency terms in Eq. (1) can be further defined as follows:
(4)
PMT signal pulses counted PMT signal pulses emitted V = volume of sampling region = a X I for a < ax 2 .
In the above equations P 1 and P 2 represent the num-ber of laser photons per laser shot at wavelengths XI and A 2 , respectively; oa\ and OX2 are the effective absorption cross sections for OH at Al and X2; ax, and ax 2 are the beam areas defined by the A, and 2 lasers; f is the fraction of the total OH population in quantum state i that can be pumped at 1.4 Mm; S 2 and S 2 are saturation parameters; R is the fraction of OH initially formed in the v" = 2, k = 1 level that survives vibrational, rotational, spin, and parity relaxation; kf is the reciprocal of the natural lifetime; kd is the first-order rate coefficient for dissociation; kq is the bimolecular electronic-quenching rate coefficient, and [M] is the concentration of the quenching species.
In Eqs. (5) and (7), -Yx 3 defines the fraction of the total fluorescence falling within the optical transmission window; Y 3 is the optical collection efficiency of the f/1.4 lens system; Z 3 is the optical filter transmission factor, 0kx 3 is the quantum efficiency of the photomultiplier tube (PMT) at 3 ; ax is again the effective beam area of the smaller of the two lasers; and is the effective path length over which fluorescence can be monitored by a single PMT using f/1.4 lenses.
In assessing the analytical soundness of the TP-LIF OH technique, we have resorted to the same basic approach as used by our group in previous evaluations of LIF techniques. This has consisted of comparing theoretical predictions of signal levels to actual experimental observations. To perform this comparison in the case of the OH system, however, the quantity R in Eq. (3) first had to be independently investigated. As noted earlier, the term R encompasses all relaxation processes that might influence the population of = 2, k = 1 level following IR pumping at 1.43 m. Thus, its value depends on the laser linewidth employed as well as the specific IR transition selected for pumping.
Relaxation processes which may contribute to the value of R include vibrational, rotational, spin (3/2 -1/2), and parity relaxation.
In this study, vibrational relaxation was independently investigated by using the reaction O('D) + H 2 0 as a source of hot OH. It is known, for example, that -30% of the OH from this reaction is found in the v" = 1 level and another 10% in the v = 2 manifold. 2 5 A clean measurement of v" = 2 relaxation, therefore, could be carried out under psuedo first-order conditions using an H 2 0 level of 2.75 Torr. The results from these measurements gave k,,= 2 = 7 X 10-11 cm 3 /molecules/ sec (uncertainty a factor of 1.5). In addition, by allowing adequate time for the " = 2 to relax (e.g., two
1/e times), the relaxation of v" = 1 was also examined.
In the latter case a value of 3.0 X 10-1 cm 3 /molecules/ sec (uncertainty factor of 1.5) was measured for k,,=,.
By varying the N 2 and 02 levels, it was shown that within our experimental error N 2 and 02 (600 and 150 Torr, respectively) had only a small effect on the measured relaxation rates.
By generating OH in the v" = 0 level via the laser photolysis of H 2 0 2 followed by IR pumping at 1.43 um, a second method of populating OH in the v" = 2 level was achieved. In this case, however, it was in the absence of H 2 0. The results from this experiment, within the uncertainty of the measurements, gave the same kv,= 2 quenching constant as was observed for H 2 0.
Thus, we have tentatively assigned the value of 7 X 10-1l cm3/molecules/sec for kv,,= 2 for the quenching species H 2 0 2 -The investigation of rotational, spin, and parity relaxation was more difficult than that of vibrational relaxation in that the laser linewidth of -0.3 cm-' typically overlapped multiple transitions. A further handicap involved the use of 100 nsec as the shortest delay time between the two laser pulses. In spite of these problems, several significant results were obtained.
The source of v" = 0 OH in these experiments was the 266-nm photolysis of 1.5 Torr of H 2 0 2 in Ar. In the first of these experiments, which involved IR pumping OH from k" = 1, v" = 0 to k" = 1, v" = 2, the IR laser at 1.43 ,m was spectrally positioned so as to overlap transitions involving both OH spin states and both A doublets. Under these conditions, both spin states and both A doublets in the v" = 2 level should have been populated during the firing of the IR laser. In fact, this was our observation of the population distribution 120 nsec after the IR pump fired. However, also observed in this first test experiment was that all k levels in the v = 2 manifold were populated according to a 300 K Boltzmann distribution. The latter finding suggests that the lower k levels within the v = 2 manifold of OH relax within a factor of 5 or 6 of the gas kinetic rate when the colliding partner is H 2 0 2 . (One might expect that H 2 0 would be very similar.) In a subsequent experiment using -0.2 Torr of H 2 0 2 , we once again observed virtually complete rotational relaxation within -130 nsec. This result indicates that rotational relaxation within the v" = 2 level of OH is -1.5 times faster than gas kinetic for the colliding partner H 2 0 2 or, alternatively, that if Ar collisions are responsible for rotationally relaxing OH, argon's efficiency is 1 in 1000.
To obtain further information on both spin and parity relaxation, the IR laser was tuned to several OH transitions where the spectral separation between the two spin states and the two A doublets was greater than that of the laser linewidth (e.g., 0.3 cm-'). In principle, this should have permitted an independent examination of the rate of spin and parity relaxation. In both cases, however, it was found that the initially populated spin state, or the initially populated A doublet, had fully relaxed to a Boltzmann distribution within 120 nsec. Whether the important colliding partner in each case I- Hz. The noise in these experiments was found to be due entirely to scatter from the 266-nm photolysis beam. Even so, its level was <0.1 photons/laser shot.
A direct comparison of the experimental signal level with that predicted from Eq. (1) shows agreement within a factor of 1.3, the predicted signal being the higher. We consider this agreement to be excellent in view of the potential uncertainties in evaluating Eq. (1).
Of greatest concern are the relaxation factor, R un- For this study, the band strength ratios of Dieke and Crosswhite 2 6 and Crosley and Lengel, 2 7 in conjunction with the tabulated A coefficients of Chidsey and Crosley 2 8 and Goldman and Gillis, 2 9 3 0 have been used to provide the best estimate of the integral absorption cross section for the (0,1) and (1,2) transitions.
For purposes of evaluating the effective absorption cross, it was also necessary to establish the operational linewidth of our laser system. In this case, we have combined the linewidth measurements of Englemann31 and Bastard et al. 32 with our best estimate of the UV laser bandwidth to arrive at an operational linewidth of 0.24 cm-'. Combining the estimated value of the integral absorption cross section with our operational linewidth results in effective absorption cross-section values for the (0,1) and (1,2) UV transitions of 1.2 X 10-17 and 1.6 X 10-17 cm 2 , respectively. (The uncertainty in these values is estimated to be a factor of 1.5.) Note, however, that in Table I the value used for oX 2 for the (1,2) transition is 1.3 times larger than that cited above. In this case, pumping of the Q1 transition results in an addition factor of 1.3 in the cross section due to the presence of an overlapping satellite line.
Cross sections for the relevant IR transitions are currently considered to be in somewhat worse shape than those cited for the UV. This is due primarily to the more limited amounts of data available. In this study we have taken the A coefficient calculations of Mies, 33 Goldman and Gillis, 2 9 , 3 0 and Werner 3 4 and scaled them to the experimentally measured A values reported by Agrawalla et al. 35 to arrive at the integral cross sections for the individual IR transitions. The A coefficient measurements by Agarwalla are now considered by most to be improved over those reported earlier by Murphy 3 6 and Roux et al. 37 For purposes of converting the integral absorption cross sections to effective cross sections we have estimated the working linewidth for our experimental system to again be -0.24 cm-'. The uncertainty in the IR effective absorption cross sections (Tables I and II ) are estimated to be ± a factor of 2.0.
Based on the cited results, we believe that the agreement between the predicted OH signal and the direct measurements using the TP-LIF system is most encouraging. This agreement suggests that the further quantitative development of this new methodology should be possible without major surprises.
V. Laboratory Applications of the TP-LIF OH System
As noted in Sec. I, the OH radical is of such widespread importance to so many diverse scientific fields that a complete understanding of the physical and chemical properties of this species must be considered an important scientific goal in itself. To this end, the greater the versatility that exists in spectroscopically probing this species, the more informative will be future laboratory studies.
At this time, there appear to be at least four significant areas of research where the TP-LIF OH system potentially could prove valuable in gas phase laboratory studies. The first of these involves kinetic or photochemical studies of OH where ozone and water vapor are present. In the past, OH radicals have frequently been detected using the SP-LIF method. In such studies the typical probe wavelength is 282 nm or in special cases 306.5 nm. In either case, problems can arise due to the probe laser itself producing new OH via the photolysis of 03. At these wavelengths significant quantities of O(1D) are produced from the photolysis of 03, and this O('D) rapidly reacts with H 2 0 to produce 20H radicals. In the TP-LIF system, the shortest wavelength employed is 351 nm. At this wavelength the quantum yield is close to, if not in fact, zero, and the absorption cross section is down by 2 X 104 relative to 282 nm.
Thus, the production of OH from the OH probe laser becomes negligibly small. In fact, tests in our laboratory using an 3 A second general type laboratory study which might benefit from the work reported here involves the de-tection of vibrationally hot OH formed from either a primary photochemical process or from a chemical reaction (e.g., H + NO 2 -OH v" = 0,1,2,3). From the point of view of photodynamic or chemical dynamic studies, a critical need is that of analyzing the nascent OH quantum state distribution. Typically, to avoid relaxation, low concentration levels and very fast time resolution are required. SP-LIF OH detection has thus been a frequently used tool in such studies. An immediate difficulty that surfaces, however, is that discussed earlier in the text, predissociation in the A 2 2 state of OH for k > 14 in v' = 1 and k > 4 in v' = 2. This problem has frequently resulted in an incomplete analysis of quantum state information for OH when formed in the v" = 1 and v" = 2 levels, see, for example, Rodgers et al. 3 8 and Silver et a. 20 The complete analysis of v' = 1 and near complete analysis of v" = 2 should now be possible using 345-and 351-nm pumping and 310-nm detection as outlined earlier. It is quite possible that some v" = 3 quantum state information could also be obtained by pumping the v" = 3 to v' = 2 transition for low k levels. In each of the above cases only the UV laser pump would be required in conjunction with the standard TP-LIF OH detection optics package.
The third research area where the TP-LIF OH methodology could prove valuable is in the study of relaxation dynamics. Although there have been three or four studies on vibrational relaxation of OH in the v' = 1 and v" = 2 levels, 3 A fourth research area that we now envision utilizing this new OH sampling techniques is that involving heterogeneous processes. A persistent question related to atmopsheric chemistry has involved the efficiency with which atmospheric free radicals such as OH are removed by aerosols. The level of interest in this question has been greatly intensified with a recent publication by Chameides and Davis. 4 0 These authors have developed a cloud chemistry model which is driven by fast gas-phase photochemical processes. Critical to this model is the efficiency with which gas phase OH and HO 2 radicals are scavenged by cloud droplets. This scavenging process is controlled by what is termed the sticking coefficient, i.e., the efficiency with which an OH or HO 2 radical on collision with a cloud droplet attaches itself to the droplet surface. Heretofore, this quantity has been unmeasurable. The TP-LIF technique appears to be fully capable of overcoming the enhanced scatter (i.e., noise) that occurs in cloud or high aerosol conditions.' 9 (Davis et al. 1 9 routinely make measurements of NO at the few pptv level within dense clouds.) Due to the blue-shifted fluorescence that is produced in the TP-LIF OH system, scattering by aerosol droplets (virtually all of which would be red-shifted relative to 351 nm) should have little impact on the background noise. The TP-LIF OH system should therefore be capable of studying the loss of OH radicals on aqueous aerosol droplets in a controlled laboratory setting, making sticking coefficient measurements possible for the first time.
In the above text, the authors have cited four areas of research where the TP-LIF OH methodology could prove useful in laboratory studies involving the OH species. We suspect that others will surface following this publication.
VI. Atmospheric Field Measurement Applications
As mentioned in Sec. I, the SP-LIF OH system has experienced shortcomings both due to its tendency to generate OH via the laser photolysis of 03 and the requirement that in this system a weak signal must be extracted from a large nonresonant fluorescent background noise, the latter frequently being temporally varying in nature. The TP-LIF OH system appears to have the potential for overcoming both of these difficulties. In brief, the 03 problem is resolved by having the UV pumping wavelength set at 345 or 351 nm. Here the combination of a very weak absorption by 03 and a nonexistent quantum yield for production of O (1D) results in an unmeasurable OH signal (see later interference discussion for details). The problem of extracting a very weak signal from a much larger and sometimes fluctuating nonresonant fluorescence background has been solved also by using blue-shifted rather than red-shifted fluorescence as the monitored wavelength. For example, for the same laser energy, the nonresonant fluorescence noise in the TP-LIF system is 105 times smaller than that recorded in the equivalent in situ SP-LIF system operated at ambient pressure. For moderate levels of OH, therefore, the TP-LIF system is signal limited rather than signalto-noise limited as in the case of SP-LIF.
Based on our results from controlled TP-LIF OH laboratory experiments together with our field experience with the TP-LIF NO system, we have projected what the performance characteristics should be on a TP-LIF OH field system. These results, based on 2.8-Mm IR pumping, are shown in Table II for the case of the middle free troposphere (i.e., altitude 6 km). We have selected the 2.8-Mm pumping scheme as our test system since it now appears that there is a greater probability of achieving higher energy at 2.8 Am than at 1.4 Am. In developing Table II, the following adjustments have been made in the performance characteristics of the TP-LIF hardware. (1) The time separation between the X, and X2 laser pulses has been reduced to 12 nsec. (This has just recently been achieved with our two-YAG pumping system.) (2) The 2.8-Mm energy has been listed as 10 mJ. This 2.8-Mm energy level now appears to be conservative based on the published results of Kato. 2 In addition to the changes cited above, the value of the X 2 energy also has been increased. With the use of AR-coated surfaces and some optimization of the dye laser performance a usable 5 mJ of energy should be available in the UV. Other significant changes in' hardware have involved the modification of the optical filter pack. The larger value of Zx 3 for the OH field system is based on using AR-coated collection optics.
Additionally, a focusing mirror has been added opposite each PMT and thus the value of Y has been increased from 0.008 to 0.015.
Finally, the quantities R and Ef are seen to be different in Table II vs Table I . The latter term is larger in the free-tropospheric field system because of reduced concentration levels of N 2 , 02, and H 2 0. N 2 and 02 will be lower by a factor of 2; whereas H 2 0 levels in the free troposphere will likely be lower than the H 2 0 2 + H 2 0 levels used in the laboratory study by a factor of 2-3. The net effect on the electronic quenching of OH 2 is slightly more than a factor of 2. Since it is likely that rotational, spin, and parity relaxation will still be virtually complete within 12 nsec, the value of R will change only slightly in the OH field system. A small increase in its value will be realized, however, due to less vibratioinal relaxation when using a laser time separation of 12 nsec.
Concerning the cross sections for a 2.8-Am/345-nm pumped system, there is now general agreement between all investigators cited that the (1,0) transition at 2.8 m is a factor of 6 larger than that for the (2,0) IR transition. In the UV, the cross section for the (1, 2) transition is given by Chidsey and Crosley 28 to be -1. 35 times higher than that for the (0,1) transition at 345 nm. The available laser energy at 345 nm is basically the same for our system as for 351 nm.
One of the potential problems involving 2 .8-Mm pumping, which does not exist at 1.4 Mm, is that of absorption of 2. overlap with atmospheric gases. This appears to be true even in the worst of conditions, e.g., the tropical marine boundary layer. For the proposed system we have focused on the P,1 and Q,1 IR transitions. Both A doublets of the P1 are transmitted with >95% efficiency through 3 m of air containing 20 Torr of H 2 0. For the Q1 IR transition, one of the A doublets is transmitted with >95% efficiency.
Based on Table II , the signal strength, D 3 , for a TP-LIF OH field system operating in the middle free troposphere can be expressed as 1.6 X 10-9 photons/ laser shot/PMT X [OH, molecule/cm 3 ]. Since an effective eight PMTs can be attached to a fluorescence sampling chamber, the signal strength per laser shot is calculated to be 1.3 X 0-8 photons/laser shot X [OH, molecule/cm 3 ]. Thus, the signal strength per unit concentration of OH can be estimated given the rep-rate for the laser and a workable integration time.
The rep-rate for the proposed system will be 10-20
Hz. That is, the UV laser, which according to our laboratory studies defines 99+% of the noise, will be operated at 20 Hz. The IR laser, on the other hand, will be fired at 10 Hz. Thus, on the first laser shot the signal plus background is recorded; on the next shot the background alone is recorded. Although the background in the TP-LIF is small, nevertheless, the above approach ensures that an accurate representation of the background is recorded during the entire time that the signal is being recorded. The net effect of this approach is that the rate at which the signal is collected is 10
Hz.
The appropriate integration time for use with the TP-LIF OH system depends somewhat on the mode of sampling. On an airborne platform where air speeds of 480 kph might be employed, the spatial inhomogeneity of OH in the free troposphere would dictate integration times of no more than 15 min (e.g., distances of 120 km). On the ground or in the tropospheric boundary layer, perhaps 1-h integration times could be considered. Here, the authors have used times of 15 and 30 min in the expectation that the TP-LIF OH system will be flown. Based on the above sampling conditions, the TP-LIF signal strength derived for the . Given the same integration time, the differnce in signal between boundary layer and free-tropospheric air for the same [OH] level is a factor of -2.7. This difference is due almost entirely to the value of Ef, reflecting a stronger electronic quenching environment in the boundary layer.
To determine the OH detection limit, where detection limit is defined as a signal-to-noise ratio of 2:1, it is necessary only to quantify the background fluorescence level. This has been done for bottled laboratory air. The optical conditions in which these noise measurements were made are similar to those that would be employed in a field system insofar as UV laser energy and beam diameter are concerned. In our chamber studies, a single PMT produced an average background count rate of 0.5 photons/15 min using bottled air. Based on our previous experience with background fluorescence from bottled air vs that recorded under atmospheric conditions, we would expect that the bottled gas noise level is as much as 1.5 times higher than that in the middle free troposphere and perhaps three times lower than the background fluorescence observed in the boundary layer. For an eight PMT sampling configuration, we therefore would estimate a back-ground count rate for the free troposphere of 2.7 photons/15 min. (For our time gated detection electronics the detected dark count and the solar scatter are at least another factor of 5 lower than the background fluorescence.) Given this background noise level, the OH level required to produce a 2:1 signal/noise ratio is -5 X 104 molecules/cm 3 . Thus, at an OH concentration of 1 X 10 6 /cm 3 , the integration time could be made as short as 0.5 min. At this concentration level, the only significant noise would be the shot noise related to the signal.
In the moist (e.g., 20-Torr H 2 0) tropospheric boundary-layer air, the reduction in the TP-LIF OH sensitivity is estimated to be as much as a factor of 5 for the same integration time. Recall that this loss in sensitivity is partially due to higher levels of electronic quenching and partially due to higher background fluorescence noise. Using a background noise level of 24 photons/PMT/30 min for boundary-layer conditions, we have estimated the TP-LIF OH detection limit to be 2.5 X 105 molecules/cm 3 . Thus, at an OH concentration level of 1 X 10 6 /cm 3 detection could be achieved with an integration time of -6 min. Although the detection limits estimated for the TP-LIF system appear quite impressive, a careful analysis of Table II shows that the system is still far from its theoretical limit. By steadily increasing Px 1 , PX 2 , ax 1 , and aX 2 , the effective sampled volume could be further increased leading to sensitivity enhancements of perhaps 1 order of magnitude. Of special significance would be improvements in the IR energy. Since the IR does not contribute in any measurable way to the noise of the TP-LIF OH system, major increases in its energy would extrapolate directly into sensitivity gains, pro- The problem of chemical interferences in the TP-LIF detection of OH also appears to be of minor importance as of this writing. The TP-LIF system, by design, offers a second degree of freedom, relative to SP-LIF, in minimizing chemical interferences. In the TP-LIF system, only one of the laser beams is capable of producing an artificial OH, i.e., the X2 UV laser. This laser, however, is fired after the X, laser has dropped several orders of magnitude in intensity. This nonoverlapping pulse configuration can be maintained as long as the X 2 laser is fired at least 12 nsec after the X, laser is fired since the time jitter on the second laser firing can be held to +2 nsec. Operating in this nonoverlap mode, ground state v" = 0 OH formed by X 2 has no mechanism for reaching v" = 1 or v' = 2 and therefore cannot absorb at 351 nm. Thus, the only possibility for an interference signal is if OH is born vibrationally hot from the 351-nm photolysis of some atmospheric species, or, alternatively, from the production of O(1D) atoms. Interestingly enough, even if hot OH were to be generated by the 351-nm photolysis of an OH containing molecule, the likelihood of it interfering with a measurement of natural OH appears to be small. The basis for the latter statement can be understood in terms of the data collection mode which involves the timing sequence IR/UV, UV, IR/UV, UV, etc. With this sampling scenario any signal from hot OH would appear as an ordinary noise source each time the UV laser is fired.
The difference between IR/UV and UV firings, therefore, would still result in a direct measure of natural OH. Perhaps more importantly, as will be seen in the text below, the probability of any measurable signal from vibrationally hot OH appears to be very small.
Atmospheric species which might have at least a theoretical possibility of producing hot OH include H 2 0 2 , CH 3 00H, HONO, and 03. Recall that in the case of 03 the following two-step process is required:
Using available cross sections for 03 photolysis at 351 nm (e.g., 5 X 10-22 cm), 4 3 one can then calculate the following yield of 0 atoms in all states for an initial 03 concentration of 60 ppbv: By contrast, for the IR energies cited in Table II , the v" = 1 OH level initially formed for boundary-layer conditions would be 6 X 104 if the natural OH concentration is taken to be 106 molecules/cm 3 v = 1, respectively, would appear to be totally inconsequential in the TP-LIF system. At this time we have no quantum yield data on CH 3 00H. In this case, the very low absorption cross section of 4 X 10-22 cm 2 at 350 nm plus the fact that the CH 3 0 radical is an excellent energy sink would seem to relegate this molecule to an even lower probability for interference than H 2 0 2 . Nevertheless, this molecular species will be checked for interference at a later date.
The HONO molecule would seem to have the highest probability for producing a measurable interference OH signal due to the magnitude of its absorption cross section at 351 nm. Once again we have performed laboratory measurements to quantitatively determine the v" = 1 and v" = 2 OH quantum yields. The cross section for HNO 2 at 351 nin (i.e., 7 X 10-20 cm 2 ) is seen to be 2 orders of magnitude higher than that for H 2 0 2 , CH 3 00H, or 03. Its concentration, however, is estimated to be 1-2 orders of magnitude lower than those of H 2 0 2 and CH 3 00H for moderately clean tropospheric conditions. Using a concentration level of 100 pptv, the following evaluation has been made: The quantum yields measured for v" = 2 and v" = 1 were <6 X 10-7 and 4.9 X 10-6, respectively. Again, the v' = 2 measurement represents an upper limit, no OH signal was observed. For v" = 1, a signal was measured, but as indicated it was extremely weak. Given these two quantum yields, the calculated hot OH concentrations are 1.5 and 12 molecules/cm 3 , respectively. In both cases, therefore, the interference is negligibly small. As a final comment on the interference question, it should be noted that the flow time through an OH sampling manifold can be made short compared with the time between laser pulses. Thus, cold OH from one laser shot should not be detected in a subsequent laser shot.
VII. Conclusions
The TP-LIF OH system, like the TP-LIF NO, appears to offer both greater sensitivity and selectivity than the counterpart SP-LIF methodology. Laboratory tests have now confirmed that theoretical sensitivity projections are in reasonable agreement with experimental observations.
In terms of laboratory applications, there appear to be several unique applications of the TP-LIF methodology that should permit several types of OH experiments to be performed that heretofore were either not possible or were extremely difficult using SP-LIF detection.
The potential for a major advancement in the measurement of tropospheric OH levels also looks highly encouraging. It is estimated that a properly designed TP-LIF OH system could have a middle free-tropospheric detection limit (S/N = 2) of 5 X 104 molecules/ cm 3 when using 2 .8-Mum IR pumping. In moist boundary-layer air, the detection limit would be -2.5 X 105 molecules/cm 3 , the integration times being 15 and 30 min, respectively. Because of its signal-limited nature (i.e., total noise typically being less than the signal) at concentration levels significantly above the detection limit, very short integration could be employed. In the case of the free troposphere at OH levels of 1 X 106 molecules/cm 3 the integration time could be 0.5 min with 2 .8-Mm pumping.
Concerning chemical interferences, based on laboratory tests and available information in the literature, there appear to be no complications from the molecular species 03, H 2 0 2 , HONO and CH 3 00H.
Among the promising features offered by the TP-LIF methodology is the fact that the system described is still far removed from reaching its theoretical limit in detection sensitivity. It now appears that in the shortterm signal enhancements of a factor of 7 or 8 could be achieved without any substantial increase in the noise.
Finally, it should be noted that the IR/UV TP-LIF detection scheme employed for OH could potentially work for many other diatomic or simple polyatomic species.
